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Abstract

Aims—To evaluate central corneal thick-
ness determined by optical coherence
tomography (OCT) in various types of
glaucoma, and its influence on intraocular
pressure (IOP) measurement.
Methods—Central corneal thickness
(CCT) was determined by using OCT in
167 subjects (167 eyes). 20 had primary
open angle glaucoma (POAG), 42 had low
tension glaucoma (LTG), 22 had ocular
hypertension (OHT), 10 had primary
angle closure glaucoma (AC), 24 had
pseudoexfoliation glaucoma (PEX), 13
had pigmentary glaucoma (PIG), and 36
were normal.

Results—CCT was significantly higher in
ocular hypertensive subjects (593 (SD 35)
pm, p <0.0001) than in the controls (530 (32)
um), whereas patients with LTG (482 (28)
pum, p < 0.0001), PEX (493 (33) um, p
<0.0001), and POAG (512 (30) pm, p <0.05)
showed significantly lower readings. There
was no statistically significant difference
between the controls and patients with PIG
(510 (39) pm) and AC (539 (37) um).
Conclusions—Because of thinner CCT in
patients with LTG, PEX, and POAG this
may result in underestimation of IOP,
whereas thicker corneas may lead to an
overestimation of IOP in subjects with
OH. By determining CCT with OCT, a
new and precise technique to measure
CCT, this study emphasises the need for a
combined measurement of IOP and CCT
in order to obtain exact IOP readings.

(Br § Ophthalmol 2000;84:1233-1237)

Figure 1  Cross sectional image of the human cornea gained by optical coherence
tomography revealing epithelial layer and corneal stroma, allowing a two dimensional

mapping of corneal thickness.
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The measurement of intraocular pressure
(IOP) using the Goldmann applanation tono-
meter is an important factor in the diagnosis
and follow up of glaucoma. It has been consid-
ered the gold standard for IOP measurements,
as it is less likely to be biased by variables such
as scleral rigidity, which can markedly affect
Schidtz tonometer readings." The impact of
central corneal thickness (CCT) on applana-
tion tonometry was first discussed by
Goldmann.” He assumed that the resistance of
the cornea to indentation was compensated by
the surface tension of the tear film. This
assumption is only true for a central corneal
thickness of 520 um, otherwise the accuracy of
applanation tonometry can be considerably
impaired.

Recent studies have demonstrated an impact
of CCT in diagnosing glaucoma. Increased
CCT measurements were found in patients
with ocular hypertension, which can lead to
falsely elevated IOP readings, and decreased
CCT was found in patients with low tension
glaucoma, resulting in falsely reduced IOP
measurements.”® In line with these results it
has been reported that refractive surgical
procedures such as excimer photorefractive
keratectomy (PRK) and laser in situ keratomi-
leusis (LASIK) tend to lower IOP readings
performed with applanation tonometry, and
thinning of the central cornea is believed to be
the cause.” ' Apart from one series of eight
patients,’ all studies on CCT used ultrasound
pachymetry,”” as the tool of measurement. In
the present study we used optical coherence
tomography (OCT) to measure central corneal
thickness in different kinds of glaucoma. The
capability of OCT to measure CCT has been
demonstrated recently.'' This technique allows
a two dimensional mapping of corneal thick-
ness by using non-contact, non-invasive, cross
sectional visualisation of the human cornea
(Fig 1).

Subjects and methods

In all, 131 eyes of 131 consecutive patients
with various types of glaucoma and 36 healthy
volunteers were examined at the glaucoma unit
at the university eye hospital in Munich,
Germany. All patients were given a thorough
ophthalmic evaluation including best corrected
visual acuity, slit lamp examination, stereo-
scopic disc evaluation using a 78 dioptre lens,
Humphrey 30-2 statistic threshold perimetry,
CCT measurement using OCT, Goldmann
applanation tonometry, and gonioscopy. Eyes
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with a history of former incisional surgery, cor-
neal disease, diabetic retinopathy, injury, re-
cent contact lens wear, or steroid use were
excluded.

The study included six subgroups with vari-
ous types of glaucoma and a control group of
normals. In the primary open angle glaucoma
group (POAG) 20 patients were included.
Inclusion criteria were: glaucomatous optic
nerve damage, glaucomatous visual field de-
fect, and IOP of 22 mm Hg or beyond and an
open anterior chamber angle in gonioscopy.

Low tension glaucoma (LTG) was defined
as glaucomatous optic nerve damage, glauco-
matous visual field defect, intraocular pressure
without treatment of 21 mm Hg or below
(recorded on a 24 hour diurnal pressure curve
as well as in the total history). Forty two
patients were enrolled in this group.

IOP of 22 mm Hg or more in the presence of
a normal optic nerve head, normal visual field,
and normal gonioscopy was classified as
presumed ocular hypertension. Twenty two
patients were included in the ocular hyperten-
sive group (OHT).

Angle closure glaucoma (AC) was defined as
IOP of 22 mm Hg or more on no treatment,
optic nerve head damage, glaucomatous visual
field defect, and an open but narrow chamber
angle (<30°) in gonioscopy, or a history of
angle closure glaucoma. Ten patients were
included in this group.

In the pseudoexfoliative (PEX) glaucoma
group 24 patients were enrolled on the basis of
the following criteria: IOP above 21 mm Hg
without treatment, glaucomatous visual field
defect, optic nerve head damage, open anterior
chamber angle in gonioscopy, and the observa-
tion of the characteristic whitish pseudoexfo-
liation material on the surface of the anterior
lens capsule.

In the pigmentary glaucoma group 13
patients with the following signs were included:
endothelial pigmentation (Krukenberg’s spin-
dle), iris transillumination defects, massive
accumulation of pigment in the trabecular
meshwork, elevated IOP readings (>21 mm
Hg), and glaucomatous visual field defect and
optic nerve head damage. Measurement of
central corneal thickness was performed with a
commercially available OCT device (Hum-
phrey Instruments, Dublin, CA, USA), which
can perform high resolution cross sectional
imaging in ocular tissues. Optical coherence
tomography is analogous to ultrasonography,
except for the use of optical rather than acous-
tic waves. A superluminescence diode is used
as low coherence light source, emitting light
with 20-25 nm band width centred at 830 nm.
The time delay of reflected light is determined
using coherence interferometry. The emitted
light is divided into a probe beam incident to
the ocular tissue and a reference beam incident
on a translating mirror. Both reflected beams
are recombined and distance information of
the probe beam can be detected.””™ When
performing the measurements, care was taken
to ensure that the probe beam that passed
through the cornea bisected the pupil horizon-
tally (Fig 2A). An average scan length of 6 mm
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Figure 2 (A) The positioning of the OCT scan on the
cornea is shown. The scan is bisecting the pupil, the scan
length is 6 mm. (B) One dimensional scan profile display of
the centre of the cornea. Cursors are placed on the peaks of
reflectivity corresponding to the anterior (A) and posterior
(P) corneal surface. The corneal thickness was calculated
between the peaks of the reflectivity spikes.

was used. Measurements were performed in
the centre of the horizontal section to ensure
the precise central position of the cornea. The
corneal thickness was determined with the
scan profile display of the system. The software
controlled cursors were placed manually at the
peak of the reflectivity signal corresponding to
the anterior and posterior corneal surface (Fig
2B). The corneal thickness was calculated
between the peaks of the reflectivity spikes.
Three consecutive measurements were re-
corded. As the OCT technique is a non-
contact method, central corneal thickness
measurements were performed before appla-
nation tonometry and gonioscopy.

Statistical data analysis was performed with
spss for windows, version 8.0 (SPSS Inc,
Chicago, IL, USA) using ¢ tests, Mann-
Whitney U tests, y° tests with correction for
small sample sizes, and unifactorial variance
analysis (ANOVA). p Values smaller than 0.05
were considered significant.

Informed consent was obtained from all par-
ticipating patients and volunteers. Only one
eye of each patient or normal subject was
selected for statistical analysis to prevent bias.
In bilaterally affected patients, a random
choice was made between the right and left
eyes.

Results

Complete subject characteristics are given in
Table 1. There was no statistically significant
difference among the seven subgroups for the
examined eye, and, except the pigmentary
glaucoma group with a significant myopic shift,
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Table 1 Subject characteristics
POAG LTG OHT AC PEX PIG NORM
No of subjects 20 42 22 10 24 13 36
Male 13 11 11 2 8 8 17
Female 7 31 11 8 16 5 19
p Value (3 0.24 <0.01 1 0.11 0.16 0.58 0.87
Mean age (SD) years 68.4 (9.6) 58.5 (13.1) 30.3 (12.5) 59.6 (13.3) 68.3 (7.5) 29.3 (14.1) 51.5 (19.7)
p Value (Mann—Whitney U) 0.01 0.14 <0.001 0.19 <0.001 <0.01 —
Mean (SD) refraction -0.2 (2.64) —0.34 (1.49) -0.33 (1.52) +0.8 (1.47) +0.32 (1.98) —2.75 (1.88) -0.33 (2.01)
p Value (Mann—Whitney U) 0.59 0.27 0.583 0.11 0.1 <0.001 —

for refractive error. There were more female
subjects in the low tension glaucoma group
than in the control group (p <0.01). In other
groups, there were also differences for distribu-
tion of sex, although these differences did not
reach statistical significance. Patients with pri-
mary open angle glaucoma (68.4 (SD 9.6)
years) and pseudoexfoliation glaucoma (68.3
(7.5) years) were statistically significantly older
than controls (51.5 (19.7) years), whereas
patients with ocular hypertension (30.3 (12.5)
years) and pigmentary glaucoma (29.6 (14.1)
years) were significantly younger. For patients
with low tension glaucoma (58.5 (13.1) years)
and angle closure glaucoma (59.6 (13.3) years)
no statistical significant difference from the
control group could be found.

CCT results are given in Table 2. Mean
CCT of the ocular hypertensive group was sta-
tistically significantly higher than in the pri-
mary open angle (p <0.0001), or in the control
group (p <0.0001). The CCT (mean (SD)) of
the OHT group was 593 (35 pm, whereas
CCT of the POAG group was 512 (30) um and
of the normal controls 530 (32) um. With a
mean CCT of 482 (28) um the readings of the
low tension glaucoma group were statistically
significantly lower compared with the primary
open angle glaucoma group (p <0.001), or the
control group (p <0.0001). There was also a
statistically significant difference between the
primary open angle group and the control
group (p <0.05), with a mean CCT of the
POAG group being 18 um lower compared
with the control group.

In patients with pseudoexfoliation glaucoma
mean CCT (493 (33) um) was statistically sig-
nificantly lower than in the POAG (p <0.05)
and the control group (p <0.0001). There was
no statistically significant difference between
the pigmentary glaucoma (510 (39) um) and
the angle closure glaucoma group (539 (37)
um) and the POAG and the control group,
respectively.

ANOVA analysis demonstrated a significant
difference between all groups (p <0.001).

Discussion

The influence of central corneal thickness on
the accuracy of IOP measurements has long
been recognised.’ > Goldmann himself first

Table 2 Central corneal thickness (CCT) in various patients and controls

discussed the influence of CCT on applanation
tonometry in his landmark article.” A tono-
meter tip is pressed against the cornea with a
variable force until a circular area of 7.35 mm”’
is flattened, so that a force of 10 g applied to
the tonometer tip is equal to an intraocular
pressure of 10 mm Hg. The rigidity of the cor-
nea opposes indentation, and he assumed that
the surface tension force created by the tear
film is drawing the tonometer tip to the oppo-
site direction and will equal that rigid force.” As
shown by Ehlers and associates," this assump-
tion is only true for CCT of 520 um, but as
corneal thickness varies widely over the popu-
lation (from 478 um to 626 um in this present
study), this can cause an underestimation or
overestimation of intraocular pressure read-
ings. By comparing intraocular hydrostatic
pressure measured in the anterior chamber
(open system) with applanation tonometer
readings in humans with different central
corneal thickness a positive correlation be-
tween CCT and the error of applanation
tonometry was found. For a true IOP of 20
mm Hg an underestimation of 5.2 mm Hg is
given by applanation tonometry with a CCT of
450 um, whereas a CCT of 590 um leads to an
overestimation of IOP of 4.7 mm Hg. Ehlers
and coworkers interpolated that deviation from
the influence of CCT of 520 pm yields an
underestimation of IOP by applanation to-
nometry of approximately 0.7 mm Hg per 10
pum."” Other studies confirmed the results pub-
lished by Ehlers ez al; however, the average cor-
rection found was considerably lower.'® '
Whitacre er al found a correction of 0.18 to
0.23 mm Hg per 10 um in a direct cannulation
study,'® and these results were very comparable
with the Rotterdam Study, in which a
regression of 0.19 mm Hg per 10 pm could be
demonstrated.”” When comparing the influ-
ence of CCT in IOP measurements before and
after LASIK, Emara et al found a correlation of
0.32 mm Hg per 10 pm versus 0.27 mm Hg
per 10 um."

The importance of central corneal thickness
in the discrimination between low tension
glaucoma, primary open angle glaucoma, and
ocular hypertension has been recognised by
other investigators.”® In patients with low ten-
sion glaucoma, main central corneal thickness

POAG LTG OHT AC PEX PIG NORM
Mean (SD) CCT (um) 512 (30) 482 (28) 593 (35) 539 (37) 493 (33) 510 (39) 530 (32)
p Value (¢ test, compared with norm) <0.05 <0.0001 <0.0001 0.52 <0.0001 0.10 —
p Value (¢ test, compared with POAG) — <0.001 <0.0001 0.06 <0.05 0.82 <0.05
Range CCT (um) 457-563 423-563 532-653 488-551 449-557 463-583 478-626
95% CI (um) 498-526 473-491 577-609 512-565 479-507 485-533 519-541
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was markedly reduced, leading to an underesti-
mation of IOP measurements. By contrast, in
patients with ocular hypertension, higher
central corneal thickness values were obtained,
causing an overestimation of IOP readings
gained with a standard Goldmann applanation
tonometer. In conclusion, the true IOP in low
tension glaucoma may not be as low as
previously assumed, whereas the true IOP in
ocular hypertension may be within the normal
range, after taking central corneal thickness
and its sources of error into account. In 1971
Hansen and Ehlers reported on eight patients
with elevated IOP measurements refractive to
antiglaucoma treatment. In all eight patients,
the central corneal thickness was markedly
increased.’ Johnson and coworkers published a
case of an 17 year old girl who had IOP meas-
urements between 30 and 40 mm Hg without
glaucomatous optic disc changes." After show-
ing no response to antiglaucomatous therapy,
the anterior chamber was cannulated for direct
IOP measurement. The IOP measured in this
open system was found to be 11 mm Hg. The
falsely elevated readings were caused by
extremely thick corneas measuring 900 pm in
both eyes without corneal oedema. In a series
of 129 patients with low tension glaucoma, pri-
mary open angle glaucoma, and ocular hyper-
tension Herndorn reported on a case with a
history of laser trabeculoplasty referred for fis-
tulating surgery for elevated IOP alone.” The
CCT of this patient was beyond 600 pm in
both eyes, so the patient was advised to cancel
surgery and discontinue glaucoma medica-
tions. A further study including 115 glaucoma
patients recently found that after taking central
corneal thickness into account 31% of the
patients thought to have low tension glaucoma
actually met the criteria for primary open angle
glaucoma after correcting the applanation
tonometer readings.’ In addition, 56% of the
patients with the original diagnosis of ocular
hypertension in fact had normal values of cor-
rected intraocular pressure. This phenomenon
could explain why only a minority of patients
with OHT develop visual field loss.*

Our findings are in line with these results.
The CCT values measured by optical coher-
ence tomography reported in this study are
consistent with the findings of earlier studies
using ultrasonic pachymetry. We have found
that CCT is increased in eyes with ocular
hypertension and decreased in eyes with low
tension glaucoma when compared with normal
eyes and eyes with primary open angle
glaucoma. When comparing CCT of patients
with primary open angle glaucoma with
normal controls, CCT of the POAG group was
significantly lower. Although this has been
reported by other investigators,”® this differ-
ence did not reach statistical significance. The
mean difference between the two groups was
18 um, compared with approximately 9 pm
described by other investigators.*® We also
found a statistically significant reduction of
CCT in pseudoexfoliation glaucoma, both
when compared with POAG patients and with
the control group. To the best of our knowl-
edge, this has never been demonstrated before.

www. bjophthalmol.com
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Reports in the literature regarding CCT in
pseudoexfoliation glaucoma are controversial.
A former study found higher CCT values for
pseudoexfoliation glaucoma, although this dif-
ference did not reach statistical significance.”
Herndon and coworkers reported almost iden-
tical values of CCT for pseudoexfoliation glau-
coma and POAG, with the PEX glaucoma
patients being a subset of the POAG group.’
The reason for the significant reduction of
CCT in PEX glaucoma in this study remains
unclear and requires further investigation. In
pigmentary glaucoma as well as in primary
angle closure glaucoma no statistically signifi-
cant difference could be found between the
POAG group and the control group, respec-
tively.

Except for one study wusing optical
pachymetry,” all reports cited in this article
were performed with ultrasonic pachymetry,*”’
which is believed to be more reliable than opti-
cal pachymetry. Although ultrasonic pachy-
metry is a widely spread, reliable technique to
measure corneal thickness, some problems
remain. When performing an examination a
probe tip has to be placed straight on the cen-
tre of the cornea. As corneal thickness
increases peripherally, lateral displacement of
the probe may cause elevated readings as well
as shift of the probe out of the perpendicular.
To avoid this problem, Bron and coworkers
performed 10 measurements in the centre of
the cornea, but selected only the three lowest
readings.® Other investigators did not measure
in the exact centre of the cornea. The probe tip
was placed 1.5 mm temporal to the cornea
light reflex.® Furthermore, it is difficult to con-
trol the patients gaze during repeated measure-
ments, so that the placement of the probe is
difficult to reproduce. Furthermore, the exact
points of sound reflection in ultrasonic pa-
chymetry are ill defined” and the applanation
force may disturb the anterior reflecting
surface by pushing away the precorneal tear
film* and by the thinning of the epithelium.”
None of these problems exists with the
described OCT technique. OCT is a non-
invasive, non-contact, monitor controlled
method of excellent reproducibility, with the
monitor based magnification allowing precise
positioning of the probe beam in the centre of
the cornea. Accordingly, OCT results cannot
be biased by incorrect placement of a probe. Its
possible application for CCT measurements
has recently been demonstrated in a compari-
son between ultrasonic and OCT pachymetry
in normal and oedematous human corneas."
By using the OCT technique to measure CCT
in different kinds of glaucoma, we demonstrate
the influence of corneal thickness on glau-
coma, independently from the pachymetric
technique previously used. We believe that
OCT is an excellent method of measuring
CCT, and it is much more independent from
bias compared with ultrasonic pachymetry.

In conclusion, although the results of the
present study are not entirely new, it seems
important to confirm the results of previous
studies by using OCT, a new, precise technique
to measure CCT. As OCT allows an exact
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measurement of CCT without the multiple
sources of bias known from ultrasonic pachy-
metry, this study confirms the hypothesis that
corneal thickness plays an important part in
the diagnosis and understanding of various
types of glaucoma. It emphasises the need for a
combined measurement of IOP and CCT in
order to be able to classify the different types of
glaucoma.

The authors do not have any commercial or proprietary interest
in any of the products mentioned in this article.

The authors thank Aljoscha S Neubauer for his statistical
advice.
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